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Vertebrate organisms are characterized by dorsal–ventral and left–right asymmetry. The process that establishes left–right asymmetry
during vertebrate development involves bone morphogenetic protein (BMP)-dependent signaling, but the molecular details of this signaling
pathway remain poorly defined. This study tests the role of the BMP type I receptor ACVRI in establishing left–right asymmetry in chimeric
mouse embryos. Mouse embryonic stem (ES) cells with a homozygous deletion at Acvr1 were used to generate chimeric embryos. Chimeric
embryos were rescued from the gastrulation defect of Acvr1 null embryos but exhibited abnormal heart looping and embryonic turning. High
mutant contribution chimeras expressed left-side markers such as nodal bilaterally in the lateral plate mesoderm (LPM), indicating that loss
of ACVRI signaling leads to left isomerism. Expression of lefty1 was absent in the midline of chimeric embryos, but shh, a midline marker,
was expressed normally, suggesting that, despite formation of midline, its barrier function was abolished. High-contribution chimeras also
lacked asymmetric expression of nodal in the node. These data suggest that ACVRI signaling negatively regulates left-side determinants such
as nodal and positively regulates lefty1. These functions maintain the midline, restrict expression of left-side markers, and are required for
left–right pattern formation during embryogenesis in the mouse.
D 2004 Elsevier Inc. All rights reserved.
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During normal vertebrate development, the asymmetry of
the left–right (L–R) axis plays an important role in
positioning and morphogenesis of internal organs. The
molecular mechanism to determine L–R asymmetry, a0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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and mammals, involves several members of the trans-
forming growth factor-h (TGF-h) protein superfamily
(Capdevila et al., 2000; Wright, 2001). Studies in chicken
and Xenopus suggest that bone morphogenetic proteins
(BMPs), which are members of TGF-h superfamily, play a
critical role in L–R patterning. In Xenopus, one of BMP
type I receptors, ACVRI/ALK2, transduces right-sidedness
in a manner that is antagonistic to Vg1-dependent signaling
(Ramsdell and Yost, 1999). Little is currently known about
the role of BMP signaling in establishment of L–R
asymmetry in mammals (Hamada et al., 2002).
Nodal is a TGF-h superfamily protein that is expressed
bilaterally but asymmetrically in the node in early somite276 (2004) 185–193
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left than on the right side. In contrast, nodal expression is
restricted on the left side in the lateral plate mesoderm
(LPM) (Brennan et al., 2001; Collignon et al., 1996).
Brennan et al. (2002) showed that node-specific inactivation
of nodal prevents L–R axis asymmetry from being
established in the node. Smad2 is a downstream target of
Nodal, and the importance of the Nodal/Smad2 pathway for
left-side expression was shown by the right isomerism of
mice deficient in Smad2 and the type I receptor Alk4
(Nomura and Li, 1998). Lefty1 and Lefty2, distant members
of the BMP subfamily, are also important for L–R
patterning. lefty1 is expressed in the prospective floor plate
(PFP) and is thought to form a bmidline barrierQ that
prevents left-side signals from acting on right-side targets
(Meno et al., 1998). Like nodal, lefty2 is expressed in the
left LPM as well as the midline, with a slightly larger
expression domain than nodal (Meno et al., 1998).
Biochemical and genetic studies suggest that Lefty proteins
and Nodal bind competitively and act antagonistically on
the same receptor complex (Sakuma et al., 2002), suggest-
ing that Lefty1 and Lefty2 facilitate finely tuned control of
Nodal during L–R patterning.
In early stage chick embryos, BMP signaling suppresses
expression of nodal. Thus, BMP signaling is thought to
initiate a right-sided molecular cascade that establishes
right-side identity in the LPM (Rodriguez-Esteban et al.,
1999; Yokouchi et al., 1999). This theory is consistent with
the fact that constitutive activation of Acvr1 in frog embryos
causes right isomerism (Ramsdell and Yost, 1999). Smad5 is
an intracellular transducer for BMPs, and smad5-deficient
mice express nodal and lefty2 bilaterally in the LPM and do
not express lefty1 in the midline (Chang et al., 2000).
However, a role for BMP signaling in left-side identity has
not been ruled out. For example, BMP signaling can induce
nodal expression in the LPM in chick embryos (Piedra and
Ros, 2002; Schlange et al., 2002), and tetraploid mouse
embryo chimeras lacking Bmp4 do not express left-side
markers in the LPM (Fujiwara et al., 2002). These findings
suggest that BMPs may also stimulate a left-sided molecular
cascade involved in L–R patterning. These discrepancies
could indicate that different BMPs have spatially and/or
temporally different functions mediated by different recep-
tors and transducers, and the combined action of several
BMP-dependent signaling pathways may collaborate during
L–R pattern formation.
The goal of this study was to determine the molecular
details of BMP signaling and define the roles of distinct
BMP receptors during L–R axis determination in mouse
embryos. In particular, L–R pattern formation was examined
in chimeric embryos generated by injection of Acvr1 null
embryonic stem (ES) cells to wild-type blastocysts. The
results show that ACVRI plays an important role in
establishing L–R asymmetry in the node and is required
for expression of lefty1 in the midline to maintain L–R
asymmetry.Materials and methods
Chimera production and analysis
Generation of Acvr1 mutant ES cells was described
previously (Mishina et al., 1999). In this study, Acvr1
mutant ES cells (A2-98) were injected into wild-type CD-1
blastocysts (Charles River, Wilmington, MA). Results
obtained with A2-98 cells were confirmed by performing
the same experiment with two other lines of Acvr1 mutant
ES cells A2-166 and A2-134 (data not shown). Control
chimeric embryos were generated using Acvr1 heterozygous
ES cell line (A2-65) in the same host blastocysts. All ES
lines except A2-134 carry Rosa26, which carries a lacZ
transgene. After injection, blastocysts were transferred into
uteri of pseudopregnant foster mothers for reimplantation.
Embryos were dissected, fixed, and stained for h-galacto-
sidase activity with X-gal or Salmon-gal (Biosynth) as
described (Mishina et al., 1999).
Double staining for b-galactosidase and whole-mount in
situ hybridization
Double staining was carried out using Salmon-gal
staining (magenta) for h-galactosidase and alkaline phos-
phatase (purple) for whole-mount in situ hybridization with
digoxigenin-labeled RNA probes (Mishina et al., 1999).
Briefly, embryos were stained for h-galactosidase for 30
min, fixed in 4% paraformaldehyde in PBS, and then used
for whole-mount in situ hybridization. Digoxigenin-labeled
probes for whole-mount in situ hybridization are described
in the following references: nodal (Lowe et al., 1996), lefty-
1 (Meno et al., 1998), lefty-2 (Meno et al., 1998), Shh
(McMahon et al., 1998), Pitx-2 (Yoshioka et al., 1998).
Histological analysis and immunohistochemistry
Whole-mount immunohistochemistry was carried out
with monoclonal antibody 2A7 against ACVRI (Yoshikawa
et al., 2000). Stained embryos were fixed in Bouin fixative,
dehydrated, and embedded in paraffin. Serial sections were
cut at 7 Am and counterstained with eosin.Results
ACVRI is highly expressed in the node and midline, and
weakly expressed in LPM
The tissue and stage specificity of ACVRI expression
was examined in developing mouse embryos. Previous
reports showed that Acvr1 (Alk2 or ActR-I) is only
expressed in extraembryonic regions including visceral
endoderm in E6.5 embryos (Gu et al., 1999). ACVRI
appears in a restricted part of the notochord at E8.0
(Yoshikawa et al., 2000). It was previously reported and
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and prospective notochord of E7.75 embryos in addition to
broad expression in the extraembryonic layer (Figs. 1A–E).
However, Fig. 1 shows that ACVRI is highly expressed in
the entire node region (Fig. 1E), and in E8.5 embryos,
ACVRI is weakly expressed in myocardial cells, pharyngeal
endoderm, and LPM (Figs. 1F–G). The expression of
ACVRI was symmetric in all tissues and stages examined.
These results are consistent with the possibility that BMP
signaling through ACVRI plays a role in establishing L–R
asymmetry in the node and in tissues derived from the node.
Acvr1 chimeras show defects in lateral pattern formation
Previous studies show that Acvr1 null mutants do not
complete gastrulation and die by E7.5 (Gu et al., 1999;
Mishina et al., 1999). The gastrulation defect is rescued in
chimeric embryos by the presence of the wild-type extra-
embryonic tissues. However, chimeric embryos with a high
proportion of Acvr1 null ES cells survive to E10.5 with
developmental defects including abnormal head structure
and shortening of the posterior (Gu et al., 1999; Mishina et
al., 1999). Chimeric Acvr1 embryos were used in the
following studies to analyze the role of ACVRI in L–R
pattern formation during mouse embryogenesis.
Acvr1 chimeras were formed from wild-type blastocysts
and Acvr1 homozygous mutant ES cells carrying a lacZ
transgene from Rosa26 mice (Mishina et al., 1999). The
lacZ transgene is used as a visual method (X-gal or Salmon-
gal staining) to quantify and track the developmental fate of
Acvr1 mutant ES cells in the chimeric embryo. The
proportion of staining tissue was evaluated in each chimeric
embryo, and the chimeras were classified as wild-type (0%),Fig. 1. Detection of ACVRI protein during mouse development. Whole-mount imm
at E7.75–8.0 (A, B) and E8.5 (F, G). Strong staining was observed in extraembryon
views of embryos (B, G). Transverse sections revealed limited expression of AC
expression in the pharyngeal endoderm, heart, and lateral plate mesoderm and th
posterior axis running from bottom to top. The line diagram indicates the level and
(normal IgG, data not shown). Abbreviations: A, anterior; P, posterior; al, allanto
Scale bar = 100 Am.low (b30%)-, medium (30–80%)-, or high (N80%)-contri-
bution chimeras.
In mouse embryos, the earliest morphological markers of
L–R asymmetry are embryonic turning and rightward
looping of the linear heart tube. These morphologic features
were examined in wild-type and Acvr1 mutant chimeras
with low, medium, or high mutant contribution (Table 1).
Normal embryos settle with the tail pointing to the right
after completing embryonic turning at E9.5 (Fig. 2A).
Although some Acvr1 chimeras turned normally (Fig. 2B),
other Acvr1 chimeras underwent reverse turning or failed to
turn (Figs. 2C, D; Gu et al., 1999; Mishina et al., 1999). In
summary, 31% (5 of 16) of high-contribution chimeras
failed to turn, and 25% (4 of 16) turned in a reverse
orientation (Table 1); medium- and low-contribution Acvr1
chimeras turned normally or underwent reverse turning but
did not completely fail to turn (Table 1). All chimeric
embryos with b30% mutant ES cell contribution turned
normally (0% chimeras: n = 13; b30% chimeras: n = 8).
In wild-type embryos, the rostral part of the heart loops
towards the right and the caudal part twists to the left
beginning at around E8.5 and ending by E9.5. This process
failed to occur in 12 of 19 high-contribution chimeras (Figs.
2E, F). Three of 22 high-contribution chimeras showed
incomplete fusion of the two cardiac primordia as reported
in Smad5 mutants (data not shown). This defect of fusion
was not observed in medium- or low-contribution Acvr1
chimeras (data not shown). Two of nine medium-contribu-
tion chimeras had a leftward looping heart (Fig. 2H),
suggesting a link between abnormal heart looping and
defective L–R patterning. Heart looping was normal in low-
contribution and control chimeras (high-contribution control
chimeras: n = 14) (Table 1). These results show thatunohistochemistry was performed using mAb 2A7 to stain ACVRI protein
ic regions and in the midline region as observed in frontal (A, F) and bottom
VR1 in the node and prospective notochord at E7.75 (C–E), and broader
e notochord at E8.5 (H and I). Sectioned images are shown with anterior–
angle of section shown in panel E. No signal was found in negative control
is; nd, node; nt, notochord; ht, heart; pe, pharyngeal endoderm; lpm, LPM.
Table 1
Embryo morphology in low, medium- and high-contribution Acvr1 chimeras
Contribution Embryonic turning (E9.5) Total
Normal (%) Opposite (%) No turning (%)
N80% 7 (44) 4 (25) 5 (31) 16
30–80% 6 (67) 3 (33) 0 (0) 9
b30% 8 (100) 0 (0) 0 (0) 8
0% 13 (100) 0 (0) 0 (0) 13
Contribution Heart looping (E9.5) Total
Rightward (%) Leftward (%) No looping (%)
N80% 7 (37) 0 (0) 12 (63) 19a
30–80% 6 (66) 2 (22) 1 (11) 9
b30% 10 (100) 0 (0) 0 (0) 10
0% 23 (100) 0 (0) 0 (0) 23
a Embryos with incomplete fusion of the two cardiac primordia were not included.
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with increasing severity in chimeric embryos with a greater
proportion of Acvr1 null cells.
Acvr1 chimeras express left-side markers bilaterally in LPM
L–R asymmetry was examined at the molecular level in
the Acvr1 chimeras by measuring expression of left-side
marker genes Pitx2 and nodal in the LPM. These genes are
required for L–R patterning in the mouse (Kitamura et al.,
1999; Lin et al., 1999; Lu et al., 1999; Lowe et al., 2001).
Pitx2 and nodal expression was examined by in situ
hybridization, and h-galactosidase activity was measured
to assess the fraction of cells that are deficient in Acvr1
(S.K., in preparation). In most of the high-contribution
Acvr1 chimeras, Pitx2 and nodal were expressed normallyFig. 2. Abnormal embryonic turning and heart looping in Acvr1 chimeras. Chime
stained with X-gal (blue) (A–F) or Salmon-gal (magenta) (G, H). Staining pattern
(A–D) The position of tail tips (arrowheads) after turning indicates the direction of
chimeras) display normal axial turning (A), but high-contribution chimeras of A
turning (B, C) or failure to turn (D). (E, F) The heart tube (side view) of a control c
(G, H) Randomized looping of the heart in medium-contribution Acvr1 chimerasin the left LPM; however, aberrant ectopic expression of
these markers was observed in the right LPM (Figs. 3C, F,
I). The frequency of ectopic expression of Pitx2 and nodal
decreased as h-galactosidase activity decreased and as the
proportion of mutant ES cells contributing to the chimera
decreased (Table 2).
Expression of lefty2 was also examined in Acvr1
chimeras. lefty2 is a TGF-h family member that is expressed
moderately in the left LPM and weakly in the PFP (Meno et
al., 1998). In high-contribution Acvr1 chimeras (n = 4),
aberrant expression of lefty2 was observed, with bilateral
expression in the LPM and no expression in the PFP (Fig.
3K). In general, these results indicate that loss of Acvr1
disrupts the normal asymmetric patterns of gene expression
associated with L–R patterning during embryogenesis. The
extent of disruption of normal L–R patterning is propor-ric embryos were dissected at E9.5 (A–F) and E8.5 (G, H). Embryos were
correlates to the proportion of ES-derived cells contributing to the chimera.
turning. High-contribution chimeras of Acvr1 heterozygous ES cells (control
cvr1 null ES cells (called Acvr1 chimeras) display randomization of axial
himera and an Acvr1 chimera. The Acvr1 chimera does not initiate looping.
.
Fig. 3. Bilateral expression of left-side marker genes in LPM. Embryos were stained for h-galactosidase with Salmon-gal (magenta) and for left marker gene
expression by whole-mount in situ hybridization (dark purple). Expression of Pitx2 (A–F), nodal (G–I, L), or lefty2 (J, K) was measured at E8.2 (A–C, G–L) or
E8.5–9.0 (D–F) in Acvr1 chimeric embryos. (A, D, G, J) Gene expression in the left LPM in no-contribution chimeras (closed arrowheads). (B, E, H) Gene
expression in medium-contribution chimeras which tend to lack right-sided gene expression (closed arrowheads). (C, F, I, K, L) Gene expression in high-
contribution chimeras tends to show bilateral gene expression in the LPM (closed arrowheads). lefty2 is expressed in the midline (open arrowheads) and in the
left LPM in a no-contribution chimera (J), but lefty2 is not expressed in the midline of high-contribution Acvr1 chimera (open arrowhead, K). (L) Some high-
contribution chimeras only express nodal bilaterally in the posterior half of the LPM (closed arrowhead). Expression in the node region is indicated by an open
arrowhead. Abbreviations: A, anterior; P, posterior.
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embryos (Figs. 3B, E, H). Interestingly, some chimeras
(three of eight) only expressed nodal bilaterally in the
posterior half of the LPM (Fig. 3L). These results are
consistent with observations of aberrant gene expression
associated with defective L–R patterning in Smad5-deficient
mouse embryos (Chang et al., 2000).
AVCRI is essential for midline function
In wild-type embryos, ACVRI is highly expressed in the
node and the midline (Fig. 1). It is possible that deficiency of
ACVRI in the node and the prospective notochord (midline)
could cause L–R patterning defects such as abnormal
expression of left-side markers, as described above in Acvr1
chimeras. This idea was tested by examining expression ofShh and lefty1 in the Acvr1 chimeras. SHH is essential for L–
R patterning at the midline (Izraeli et al., 1999; Meyers and
Martin, 1999; Tsukui et al., 1999), and SHH- and IHH-
dependent signaling is required for expression of nodal in the
node and lefty1 in the PFP (Zhang et al., 2001). It has been
proposed that expression of lefty1 is required to form a
bmidline barrierQ (Meno et al., 1998). In high-contribution
Acvr1 chimeras (n = 7) from E8.0 to E8.5, expression of Shh
was normal in the node and midline (Fig. 4D and data not
shown). However, expression of lefty1 (Fig. 4C) and lefty2
(Fig. 3K) was completely lost in the midline of high-
contribution embryos (n = 5). In medium-contribution
chimeras, lefty1 was expressed weakly (two of four) or not
at all (two of four) (Fig. 4B). These data indicate that ACVRI
signaling in the midline is essential for induction of lefty1 and
lefty2 in the PFP and to form the bmidline barrier.Q
Table 2
Expression of left marker genes in Acvr1 mutant chimeric embryos
Contribution Left (%) Right (%) Bilateral (%) Absent (%) Total
Expression of Pitx2 (E8.5–E9.0)
N80% 2 (29) 0 (0) 5 (71) 0 (0) 7
30–80% 8 (61) 1 (7) 4 (31) 0 (0) 13
b30% 9 (100) 0 (0) 0 (0) 0 (0) 9
0% 21 (100) 0 (0) 0 (0) 0 (0) 21
Expression of Nodal in the LPM (three- to four-somite stage)
N80% 0 (0) 0 (0) 8 (100)a 0 (0) 8
30–80% 3 (38) 1 (13) 4 (50) 0 (0) 8
b30% 6 (100) 0 (0) 0 (0) 0 (0) 6
0% 23 (100) 0 (0) 0 (0) 0 (0) 23
Expression of Nodal in perinode (three- to four-somite stage)
Contribution Left N Right (%) Left = Right (%) Left b Right (%) Total
N80% 1 (9) 9 (82) 1 (9) 11
30–80% 4 (100)b 0 (0) 0 (0) 4
b30% 13 (93) 1 (7) 0 (0) 14
0% 16 (94) 1 (6) 0 (0) 17
a In three embryos, right-sided expression was restricted to the caudal half of the LPM.
b One embryo showed bilateral expression of nodal in the LPM.
S. Kishigami et al. / Developmental Biology 276 (2004) 185–193190In lefty1 mutant embryos, unlike in Acvr1 chimeras,
nodal is not expressed bilaterally in the LPM at the two- to
three-somite stage (Meno et al., 1998), and at later stages,
bilateral expression of nodal is limited to the anterior half of
the embryo (Meno et al., 1998). Thus, lefty1 mutants are
phenotypically distinct from Acvr1 chimeras, suggesting
that loss of lefty1 expression in the midline is not sufficient
to account for the disruption of L–R patterning in Acvr1
chimeras (Figs. 3I, L). nodal expression and ACVR1
function were also examined in the node of Acvr1 chimeras.
Asymmetric expression of nodal in the perinode region is
temporally limited to the two- to three-somite stage during
embryogenesis in wild-type embryos (Fig. 4E, Collignon et
al., 1996; Lowe et al., 1996). In high-contribution Acvr1
mutant chimeras (9 of 11), nodal was expressed nearly
symmetrically at the two- to three-somite stage (Fig. 4G,
Table 2). In some chimeras, nodal was expressed at a higher
level in the right side than in the left side of the perinode,
which was not observed in wild-type or low-contribution
chimeras (Figs. 4E–G). These results were confirmed in
embryo sections (Figs. 4I–L). In addition, in high-contribu-
tion Acvr1 chimera (n = 3) that only expresses nodal
bilaterally in the posterior half of the LPM, nodal
expression was incompletely down-regulated in the anterior
part of the peripheral node (Fig. 4H, arrowhead). These data
indicate that ACVR1-dependent signaling is required for
asymmetric expression of nodal in the node.Discussion
This study demonstrates that ACVRI signaling is
essential for normal L–R patterning during mouse embryo-genesis. Earlier studies indicated that ACVR1 negatively
regulates expression of left-side determinants in Xenopus
embryos, suggesting that ACVRI function is evolutionarily
conserved from Xenopus to mouse.
The downstream events of the ACVR1 signaling path-
way and their role in L–R pattern formation have not yet
been described in detail. However, because Smad5 mutant
embryos are phenotypically similar to Acvr1 chimeric
embryos, it is possible that Smad5 acts downstream of
ACVR1 during L–R pattern formation in vivo. It has also
been reported that Smad5 can transduce BMP6 and BMP7
signals through ACVRI in vitro (Ebisawa et al., 1999;
Macias-Silva et al., 1998). Bmp7 is only the known BMP
member that is expressed in the node (Solloway and
Robertson, 1999), but Bmp7 null embryos are proficient
in L–R pattern formation (Dudley et al., 1995; Luo et al.,
1995). Thus, ligands of ACVRI that are functionally
important during L–R patterning remain to be identified,
but it is likely that mouse BMPs play a role in this process.
Recent studies of tetraploid chimeric embryos containing
Bmp4 null ES cells revealed that BMP4 positively regulates
left-side patterning (Fujiwara et al., 2002). BMP4 null
chimeric embryos are morphologically normal in the node
region, but expression of nodal is patchy in the perinode,
and expression of nodal and lefty2 is suppressed in the left
LPM (Fujiwara et al., 2002). Thus, the phenotype of Bmp4
null tetraploid chimeric embryos is the opposite of the
phenotype of Acvr1 null chimeras, with respect to patterns
of gene expressions along the L–R axis. Since Bmp4 is not
expressed at the node region or notochord, BMP4 is not
likely to play a role in establishing asymmetric expression
of nodal at the node. Bmp4 is expressed in the extraem-
bryonic region in pre-/early streak stage embryos and in the
Fig. 4. Function of ACVRI in the node and the midline. (A–C) lefty1 expression in no-, medium-, and high-contribution Acvr1 chimeras in the midline (open
arrowhead). (D) Shh expression at E8.0 in high-contribution Acvr1 chimera in the midline (open arrowhead) and the node (closed arrowhead). (E–H) nodal
expression at the three- to four-somite stage in the node (closed arrowhead) of no-contribution, medium-contribution, and two types of high-contribution Acvr1
chimeras; complete bilateral expression in the LPM and bilateral expression in the posterior half of the LPM (open arrowhead and closed arrow, respectively).
(I–L) Transverse sections of the node region of no-, medium-, and high-contribution Acvr1 chimeras. K and L are from the same high-contribution chimera
with 14-Am distance. The insets in B and D show high magnification of midline area. Insets in E to H show the node in posterior view. Abbreviations: A,
anterior; P, posterior. Bar = 50 Am.
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that expression of Bmp4 in the primitive streak influences
expression of nodal at the perinode, but this interaction is
not likely to involve ACVR1 signaling.
Other evidence suggests that multiple BMPs are required
to establish and maintain L–R asymmetry during mouse
embryogenesis. Thus, different BMPs may play different
roles in different tissues and at different developmental
stages, and these ligands may stimulate downstream events
through different receptors. For example, studies in chick
embryos suggest that BMP2, BMP4, and BMP7 can
stimulate expression of nodal in the LPM (Piedra and
Ros, 2002; Schlange et al., 2002). In addition, mouse
embryos cultured with Noggin do not express nodal in the
LPM (Fujiwara et al., 2002). These findings, opposite to the
ones in Acvr1 chimeras, suggest that BMPs also may act as
a positive facilitator of the left-sided molecular cascade in
the LPM signaling through other type I receptors. Although
ACVRI is weakly expressed in the LPM (Fig. 1), the results
presented here suggest that ACVRI signaling plays primary
roles in the node and the midline but not in the LPM duringL–R patterning in the mouse embryo (Fig. 5). However, it is
formally possible that ACVRI signaling is also important
for maintaining L–R asymmetry in the LPM in the mouse
embryo. Additional studies, such as tissue-specific disrup-
tion of Acvr1, are needed to define temporal and spatial
variations in ACVRI signaling during mouse development
and L–R patterning.
Defects in lateral pattern formation may be secondary to
defects in anterior–posterior polarity (i.e., malformation of
midline structure; Dufort et al., 1998). However, the midline
forms normally in Acvr1 chimeras as indicated by normal
expression of Shh (Fig. 4), and a normal notochord forms in
tetraploid Acvr1 null chimeric embryos (Mishina et al.,
1999). Thus, it is likely that the primary defect in Acvr1 null
chimeric embryos is in L–R patterning and not in anterior–
posterior patterning.
This study demonstrates that ACVRI signaling is
required to induce expression of lefty1 and form the
bmidline barrier.Q Recent studies of mouse embryos with
an LPM-specific deletion of Foxh1 defined a positive
regulatory loop involving spatially separate expression of
Fig. 5. Model for function of ACVRI L–R patterning in the mouse embryo.
ACVRI signaling in the node modifies nodal expression induced by HH.
This results in asymmetric expression of nodal. ACVRI signaling acts as
upstream of Smad5; Smad5 is required to induce expression of lefty1 in the
left side of the midline (blue region). Shh is normally expressed in the
midline of Acvr1 chimeras (Fig. 4D), suggesting that ACVRI signaling acts
in parallel with Shh signaling in the midline. BMPs can induce nodal
expression at the LPM in mouse embryos, but this process may involve
multiple BMP receptor(s) (blue arrow).
S. Kishigami et al. / Developmental Biology 276 (2004) 185–193192left-side markers. In particular, Nodal protein is expressed in
the node and migrates to the LPM where it induces
additional expression of Nodal in the left LPM. The Nodal
protein expressed in the LPM migrates to the PFP, where it
induces expression of lefty1 (Yamamoto et al., 2003).
However, in Acvr1 chimeras, nodal is expressed in the
LPM, which indicates that ACVRI signaling is involved in
expression of lefty1 at the midline in parallel to nodal. Since
ACVRI was detected in notochord, but not in the PFP by the
time of E8.5 (Fig. 1), it is reasonable to speculate that an
ACVRI-dependent signal from notochord may be essential
for expression of lefty1 (and lefty2, see below) in the PFP
(Fig. 5). Furthermore, the serial sections of Shh- and nodal-
stained chimeras revealed that Shh was expressed in
notochord, but not yet in the PFP in Acvr1 chimeras, and
is as comparable to the wild-type embryos at E8.0, without
any overt morphological abnormalities in the notochord and
the PFP (Fig. 4 and data not shown). Thus, midline
structures including the notochord and the PFP normally
developed in the Acvr1 chimeras, suggesting that the lack of
lefty1 expression in the PFP is not caused by abnormal
structure of the PFP, but rather lacking the induction signals
from notochord. Interestingly, expression of lefty2 is up-
regulated in lefty1 null embryos (Meno et al., 1998), but
lefty2 expression is suppressed at the midline of the high-
contribution Acvr1 chimeras. The fact that smad5 mutant
embryos also suppress expression of lefty1 and lefty2 in the
midline (Chang et al., 2000) suggests that ACVRI signaling
may regulate their expression through smad5 (Fig. 5).
The function of ACVRI signaling in the node is not yet
clear, and this question remains a subject of debate. Here, weshow that ACVRI is required for asymmetric expression of
nodal in the node. Although expression of nodal in the node
is essential for L–R patterning (Brennan et al., 2002), there is
no evidence that asymmetric expression of nodal is required
for L–R patterning. Nevertheless, our finding that the loss of
ACVRI signaling results in aberrant asymmetric expression
of nodal in the perinode suggests that ACVRI regulates nodal
expression in the node and that this is important for L–R
patterning. BMP antagonists including noggin, chordin, and
Bmp7 are expressed in the node (Solloway and Robertson,
1999). Interestingly, noggin and chordin double mutant
embryos show a randomization of heart looping (Bachiller et
al., 2000). Since these molecules are expressed in the node,
their role in ACVRI signaling should be studied further. In
addition, HH signaling acts as a left determinant in the node,
although it is expressed symmetrically (Zhang et al., 2001).
The interaction between BMPs and SHH in Hensen node
plays a key role in L–R patterning in the chick (Monsoro-
Burq and Le Douarin, 2001). It is tempting to speculate that
BMP signaling through ACVRI in the node functions
antagonistically to HH signaling and negatively regulates
nodal expression during L–R patterning (Fig. 5).Acknowledgments
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